We analyzed a gene in the ethylene responsive factor (ERF) family, which plays an important role in allowing plants to respond to various environmental cues, isolated from suspension cultured cells of Populus nigra subjected to cold stress. A comparison of gene homology with transcription factors of the AP2/ERF family revealed a well conserved AP2/ERF domain in the predicted amino acid sequence of PncERF1. However, it has no consensus sequences around the AP2/ERF domain, which is a characteristic sequence of the CBF/DREB subfamily belonging to the ERF family. PncERF1 likely belongs to the ERF subfamily, which is the other ERF subfamily. Expression analysis showed no expression of PncERF1 at room temperature, at which cells grew normally, although it was expressed following cold treatment for 24 h. Therefore, PncERF1 was predicted to play a role in poplar cell survival in cold environments.
The APETALA2/ethylene responsive factor (AP2/ERF) has been shown to play a critical role in regulating transcription during the growth and development of plants in response to various environmental stimuli. The AP2/ERF superfamily is a large transcription factor gene family in plants and codes for proteins having conserved AP2/ERF DNA-binding domain sequences of about 60 to 70 amino acids (Okamuro et al. 1997) . The AP2 domain was first identified as a repeating motif within the AP2 protein, which functions in Arabidopsis thaliana flower development (Jofuku et al. 1994) . The ERF domain was first identified as a conserved motif sequence in 4 ethyleneresponsive element binding proteins (EREBP1, 2, 3, 4) of Nicotiana tabacum (Broglie et al. 1989) .
Members of this superfamily are classified into the AP2 family, the ERF family, and the RAV family. AP2 family proteins have 2 AP2/ERF domains, and ERF family proteins contain a single AP2/ERF domain. RAV family proteins have a B3 domain, which includes VP1/ABI3 in addition to the single AP2/ERF domain. Moreover, members of the ERF family are classified into the ERF subfamily and the CBF/DREB subfamily. Analysis of the A. thaliana genome revealed that 83% of the gene coding for proteins with AP2/ERF domains belong to the ERF family (Sakuma et al. 2002) .
The ERF subfamily proteins recognize the GCC box, which is present in the promoter regions of a large number of ethylene-inducible genes encoding pathogenesis-related proteins (Hao et al. 1998 , Ohme-Takagi and Shinshi 1995 , Fujimoto et al. 2000 . The CBF/DREB subfamily proteins recognize a sequence (TACCGACAT) of DRE (dehydration responsive element) in response to dehydration, high salt, or low temperatures, thereby playing a critical role in conferring resistance to abiotic stresses Shinozaki 1994, Thomashow 1999) .
Unlike herbaceous plants, woody plants are subjected to biotic and abiotic stresses over a growing period of several dozen years, and therefore have mechanisms to overcome more intense stress. It is necessary to clarify the features of ERF transcription factors and signaling pathways for the regulation and expression of host defense genes. Such clarification could facilitate the creation of transformed plants with tolerance to some kinds of environmental stresses. Poplar (Populus nigra) trees are currently used in desert afforestation projects, and genomic research on poplars is more advanced than that of any other woody plant. Suspension cultured cells of poplar would be very useful material for studying the response of the ERF gene family to environmental stress as it is easy to change the environmental conditions for cells in flasks and to obtain a great deal of homogeneous materials treated simultaneously under various kinds of experimental conditions.
We identified a novel cold-sensitive gene, PncERF1 (accession number: AB588754), of the ERF family from suspension cultured cells of P. nigra. Herein, we discussed our findings related to this gene.
Materials and methods

Cell culture
Suspension cultured poplar cells were a gift from Dr. M. Nishiguchi (Forestry and Forest Products Research Institute, Tsukuba, Japan). Cells were maintained in Murashige and Skoog medium (Murashige et al. 1962) supplemented with 3% sucrose and 2 mgl Ϫ1 2,4-D. Cells were subcultured every 14 d by transferring 1 ml of the cell suspension into 25 ml of fresh medium in 100-ml Erlenmeyer flasks, which were then shaken at 120 rpm in the dark at 25°C. Cell number was estimated from protoplast counts performed with a hematocytometer after enzymatic maceration of cell clusters, as previously described (Sasamoto et al. 1995 , Maki et al. 1991 .
Light and transmission electron microscopy
Cells were observed under a light microscope (Olympus System Microscope Model BX50-FLA, Olympus Corporation, Japan) using standard methods.
For electron microscopy, cells were immersed in a fixative solution consisting of 2% (w/v) glutaraldehyde in 50 mmol/l cacodylate buffer (pH 7.2). They were fixed for 2 h at 4°C, and then post-fixed in 1% (w/v) osmium tetroxide in 50 mmol/l cacodylate buffer (pH 7.2) for 2 h at 4°C. After dehydration in a graded ethanol series, specimens were transferred to propylene oxide and embedded in Spurr resin (Polysciences, Inc., PA, USA) and polymerized overnight at 70°C. Ultrathin sections were sequentially stained with 4% ulanyl acetate and 0.4% lead citrate. After drying, sections were observed under a transmission electron microscope (JEM-1200 EXS: JEOL, Tokyo, Japan) operating at 80 kV.
Extraction of RNA and cloning of ERF gene from P. nigra cells
Cells were frozen in liquid nitrogen and stored at Ϫ80°C. After cells were ground to a fine powder in liquid nitrogen using a mortar and pestle, Total RNA was extracted using the Qiagen RNeasy Plant Mini Kit (Quiagen, Valencia, CA, USA) according to the supplier's instructions. Total RNA was subjected to cDNA synthesis using olgo(dT) primers and the Sensiscript RT kit (Quiagen) according to the manufacturer's protocols.
The open reading frame of the ERF gene was identified from sequences of PnFL1-076_M10, P. nigra EST clone. Total RNA was extracted from poplar cells treated for 24 h at 4°C.
DNA was amplified and cloned using the following primer set: 5Ј-CTTGCGTATTCTCTTATGTGTCAAAAACCC-3Ј (forward) 5Ј-CCAAAACCGAGAAGCAGACATCTAGTACC-3Ј (reverse).
Expression analysis by RT-PCR
Total RNA was isolated from cells cultured at 25°C or 4°C as described for isolation of the ERF gene from P. nigra cells. Specific primers were used to amplify these transcripts, as follows:
As a control for normalization, 18S rRNA was used with universal 18SrRNA primer (Ambion Inc., USA). PCR was performed using the GoTaq Hot Start Green Master Mix (Promega, WI, USA).
Results
Effects of cold stress on cell growth and cellular aspects
Poplar cells that grew normally when cultured at 25°C showed inhibited cell growth at a low temperature (4°C) (Fig. 1(A) ). The cellular aspects of these cells were observed under a light microscope and transmission electron microscope. Cells treated at 25°C were compared to cells subjected to low-temperature treatment at 4°C. Micrographs show the cells cultured at 25°C to be dense in cytoplasm ( Fig. 1(B)a) . In contrast, the cytoplasm of cells treated at low temperature for 5 d was thin overall (Fig. 1(B)b) . The cells cultured at low temperature had fewer small, dispersed vacuoles. Moreover, these vacuoles were enlarged, and starch granules in the plastids were smaller than those cultured at 25°C. The morphology and quantity of mitochondria in the cells cultured at low temperature ( Fig.1(C)b) , however, resembled those in the cells cultured at room temperature ( Fig. 1(C)a) . When returned to room temperature and cultured for 5 d after treatment for 5 d at low temperature, the cold-treated cells developed a dense cytoplasm, accumulated starch, and resumed growth (Figs. 1(B)c, 1(C)c, 1(C)f) to a degree comparable to the cells cultured at room temperature for 5 d without cold treatment (Figs. 1(B)a, 1(C)a, 1(C)d) . The growth rate of cells recovered when they were cultured for 10 d at room temperature after cold treatment. Cell number almost equalized that of cells cultured at room temperature for 10 d (Fig. 1(A) ). Cells cultured at room temperature after treatment at low temperature almost recovered their cellular aspect (Figs. 1(B) c, 1(C)c, 1(C)f) as those cultured at 25°C.
Sequence comparison and phylogenetic analysis of AP2/ERF protein
Nanjo et al. sequenced more than 30,000 expressed sequence tags (ESTs) from the P. nigra cDNA library and collected approximately 4,500 non-redundant clones (Nanjo et al. 2007 ). The cDNA coding for the AP2/ERF family proteins was cloned based on the sequence data for PnFL1-076_M10 from the RIKEN database. Sequence analysis shows that the cDNA encodes for the AP2/ERF domain (Fig. 2(A) ). The homology of AP2/ERF domains in the AP2/ERF subfamily was analyzed using ClustalW2 to compare the putative amino acid sequence of the cDNA to the following proteins coded by other ERF family genes: A. thaliana AtCBF1 (NM118681), AtCBF2 (NM118679), AtCBF4/DREB1D (NM124578), and AtERF025 (NM124581), Lycopersicon esculentum (tomato) LeCBF1 (AY034473) and LeCBF2 (AY497899), Gossypium hirsutum (cotton) GhDREB3a (DQ224382) and GhDREB3b (DQ224383), and Populus trichocarpa (poplar) PtTINYlike protein (EF155936) (Fig. 2(B) ). The AP2/ERF domain sequences were very well conserved in these proteins. As seen in Fig. 2(B) , sequence comparison of CBF proteins showed conservation of , and enlarged view of (b) (e). Cells cultured at room temperature (25°C) for 4 d after treatment at low temperature (4°C) for 5 d (c), and enlarged view of (c) (f). V, vacuole; M, mitochondrion; N, nucleus; ER, endoplasmic reticulum; P, plastid; S, starch granule. the PKK/RPAGRxKFxETRHP and DSAWR sequences around the AP2/EREBP DNA-binding domains. These sequences are also conserved in the CBF proteins of rapeseed, wheat, and rye (Jaglo et al. 2001 ), but were not found in the putative amino acid sequence of the isolated cDNA. We designated the identified cDNA product as PncERF1. Through a homology search for PncERF1, it was revealed that PncERF1 had a high homology (82%) with TINY from A. thaliana, which includes the AP2/ERF domain and contributes to growth and development. Phylogenetic analysis using ClustalX also confirmed this similarity to TINY (Fig.  2(C) ).
Expression analysis of PncERF1
Expression analysis by RT-PCR was performed on PncERF1, which is thought to belong to the ERF family; however, although its expression could not be found in the cells cultured at room temperature, it increased rapidly following 24 h of low-temperature treatment (Fig. 3) . PnFL1-044_K03 from the RIKEN database of P. nigra, encoding AP2/ERF domain-containing protein, expressed in proliferating cells at room temperature but suppressed it in responses to low temperature (Fig. 3) . In contrast, the poplar EST clone PnFL1-082_A19 codes an ICE1-like protein. ICE1 is a transcription factor regulating the AP2/ERF family member CBF/DREB and whose expression was suppressed in response to room temperature. PCR products could not be detected after 24-h treatment at 25°C. However, after the low-temperature treatment, the expression gradually increased (Fig. 3) .
Discussion
Having adapted to a cold environment, the meristematic tissues of temperate woody plants sustain life over the winter and resume growth in synchrony the following spring. Repeating growth and dormancy over annual seasonal cycles is an important characteristic of temperate perennials and represents a fundamental adaptation to changes in the environment. Changes in day length, light quality, and temperature are the most significant environmental cues. Poplars are known to initiate bud set and dormancy (growth cessation) primarily in response to shortening daylight h (Nitsch et al. 1957 , Ruttinka et al. 2007 ). Cell division of P. nigra cells was inhibited in response to low temperature (Fig. 1) . That inhibition recovered quickly in response to a change in the environmental temperature (Table 1) . Flow cytometric data indicated that the major fraction of cells in dormant 16 Cytologia 76(1) H. Maki et al. Fig. 3 . RT-PCR analysis was performed on P. nigra genes encoding the AP2/ERF domain-containing protein, PnFL1-044_K03 from the RIKEN database, PncERF1, isolated in this study and ICE1-like protein, a putative annotation of PnFL1-082_A19 from the RIKEN database. Total RNA was extracted from cells cultured at 25°C for 0 h (R0), 6 h (R6), 12 h (R12) and 24 h (R24), and cells cultured at 4°C for 6 h (C6), 12 h (C12) and 24 h (C24). As a control for normalization, 18S rRNA was used.
poplar buds were arrested at the G1 phase of the cell cycle (Rohde et al. 1997 ). Low temperatures not only impact cell growth and differentiation but also affect the accumulation of water, sugars, lipids, and other storage compounds, as well as alter the morphology of cell organelles In this study, cold temperature also appeared to impact the cell composition and organelle morphology by reducing the size of starch granules and vacuole enlargement as well as other factors in cells (Fig. 1) . Poplar cells are thought to have acquired numerous defensive mechanisms against low temperatures. Noting this ability of poplar cells to adapt to environmental stimuli, we analyzed the expression of genes related to cold stress among the genes belonging to the ERF family, which would confer environmental tolerance in plants. Sequence analysis (Fig. 2) of the proteins of the AP2/ERF proteins showed that the AP2/ERF domain is well conserved and the lack of common sequences around the AP2 domain of the CBF subfamily indicates that the gene belongs to the ERF subfamily, and not to the CBF subfamily (Nakano et al. 2006) .
PncERF1 was highly homologous to TINY, which belongs to the ERF family. The tiny mutant, a semidominant dwarf transformant of A. thaliana, caused by overexpression of TINY, has suppressed cell proliferation during both vegetative and floral organogenesis (Willson et al. 1996) .
ICE1 is a MYC-like bHLH transcription factor inducing expression of a gene that codes for CBF/DREB1, a member of the ERF family, and also regulates the expression of downstream coldresponsive gene contributing to cold acclimation (Chinnusamy et al. 2003) . As shown in Fig. 3 , expression of the ICE1 homologue from PnFL1-082_A19 gradually increased with cold treatment; however, it was suppressed in cells cultured at 25°C. This indicates that ICE1 would also play some roles in poplar cells responding to cold temperature stress. An EST clone, PnFL1-044_K03, which encodes an AP2/ERF domain-containing protein, showed suppressed expression in response to the low-temperature stimulus, though it was constantly expressed at room temperature. This indicates that it would be regulated, not in response to cold stress, but rather by other environmental conditioning factors. Thirteen candidate clones with the AP2/ERF domain have been identified from other P. nigra ESTs. These clones exhibited a variety of expression patterns in response to desiccation, salt, cold, and other environmental stresses (Nanjo et al. 2004 ). In addition, 200 AP2/ERF genes were recently identified as a result of genomic analysis of the AP2/ERF gene family of P. trichocarpa. The number of AP2/ERF family genes from P. trichocarpa is about 1.4-1.6-fold higher when compared with A. thaliana. Furthermore, AP2/ERF family genes were very similar from woody (poplar) and herbaceous (Arabidopsis) plants (Zhuang et al. 2008) . Plants are able to adapt very quickly to their environment. Compared to herbaceous plants, woody plants might have become more diversified in order to adapt to various environmental stresses.
Woody plants must weather and survive changes in temperature and have consequently developed a variety of mechanisms for cold acclimation. The ERF family of proteins have been known to play a critical role in the process of cold acclimation. Further research is required to fully characterize PncERF1 and reveal its function in more detail.
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